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TABLE  III 

PERFORMANCE  OF  MULTISTAGE  ROCKET  PROPULSION 
SYSTEMS  IN  THE  25-  to  35-KFT/SEC  REGIME  WITH  A=  0.85, 
X0  -  10  KFT,  r  =  100  IN. /SEC,  I  =  200  SEC,  AND 
y  =  0.06  LB/IN.3  '  ' 


V0,  kft/sec 

N 

WLllb 

Dj,  in. 

25 

3 

10 

41.6 

30 

5 

4 

43.8 

35 

5 

1 

47.8 

TABLE  V 

SINGLE-STAGE  ROCKET  PERFORMANCE 


X,  kft 

5 

10 

D,  in. 

24 

48 

24 

48 

r,  in. /sec 

20 

50 

20 

50 

20 

50 

20 

50 

WL,  lb 

65 

162 

260 

650 

130 

325 

520 

1300 

W,  lb 

910 

2275 

3640 

9100 

1820 

4550 

7280 

18,200 

I n  all  cases.*  R  =  4. 73,  A  -  0. 85,  a  =  14,  y  =  0. 06  Ib/in. 3,  Q  -  0. 46, 
I  =  200  sec,  V  =  10  kft/sec  or  I  =  300  sec,  V  =  15  kft/sec 
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ABSTRACT 


For  many  years,  considerable  efforts  have  been  underway  to  develop 
aerodynamic  test  facilities  in  which  atmospheric  entry  phenomena  could 
be  adequately  investigated.  The  techniques  under  development  comprise 
wind  tunnels  of  various  types,  aeroballistic  ranges,  and  counterflow 
facilities.  Theoretical  and  practical  limitations  of  these  facility  types 
are  examined  in  terms  of  velocity -altitude  duplication,  and  it  is  con¬ 
cluded  that  they  cannot  be  expected  to  provide  the  desired  low  altitude, 
orbital  to  escape  velocity  capability  with  sufficiently  large  models.  It  is 
suggested  that  this  might  be  achieved  by  application  of  rocket  propulsion 
to  aeroballistic -range -type  testing.  The  proposed  system  for  launching 
of  models  consists  of  a  multistage  rocket  booster  travelling  inside  a 
straight  tube  evacuated  to  a  low  pressure.  On  attainment  of  the  desired 
velocity,  the  model  is  permitted  to  proceed  into  the  test  range  which 
consists  of  a  variable  pressure  tank  instrumented  for  aerophysical, 
erosion,  impact,  stability,  and  drag  studies.  It  is  estimated  that  model/ 
sabot  packages  weighing  from  ten  to  one  pound  could  be  launched  at  speeds 
from  25  to  35  kft/sec,  respectively.  The  proposed  facility  is  not  subject, 
in  the  range  of  interest,  to  any  basic  physical  limitations,  but  only  to 
economic  constraints.  A  facility  in  which  the  first  stage  of  propulsion  is 
provided  by  a  gun  is  examined  and  shown  to  offer  no  advantage.  Applica¬ 
tion  of  the  proposed  test  technique  to  lower  hypersonic  speeds  is  dis¬ 
cussed  with  particular  reference  to  duplication  of  high  Reynolds  numbers 
and  to  hypersonic  ramjet  testing. 


AE  DC-TR-68-240 


CONTENTS 


Page 


ABSTRACT .  iii 

NOMENCLATURE .  vi 

I.  INTRODUCTION .  1 

II.  LIMITATIONS  OF  EXISTING  ATMOSPHERIC  ENTRY 
TEST  FACILITIES 

2.  1  Wind  Tunnels .  2 

2.  2  Aeroballistic  Ranges .  8 

2.3  Counterflow  Facilities.  . .  10 

HI.  GENERAL  DESCRIPTION  OF  THE  PROPOSED 

FACILITY .  11 

IV.  PERFORMANCE  OF  MULTISTAGE  ROCKET 
PROPULSION  SYSTEMS 

4.  1  Pure  Rocket  Propulsion .  12 

4.  2  Gun- Augmented  Rocket  Propulsion .  16 

V.  PERFORMANCE  AT  LOWER  HYPERSONIC  SPEEDS.  .  .  25 

VI.  CONCLUSIONS .  27 

REFERENCES .  29 

APPENDIX  -  Rocket  Propulsion  Performance 

Parameters  .  .  i .  32 


ILLUSTRATIONS 


1.  Mollier  Diagram  for  Air  Showing  Reservoir  Conditions 
in  Relation  to  Flow  Velocity,  Duplication  of  Atmospheric 


Conditions,  and  Amount  of  Frozen  Atomic  Oxygen  ...  3 

2.  Performance  of  MHD-Augmented  Wind  Tunnels 

(Ref.  7) .  5 

3.  Test  Section  Kinetic  Energy  Flux .  7 

4.  Maximum  Launch  Velocities 

a.  Velocity  versus  Weight .  9 

b.  Velocity  versus  Gun  Caliber .  10 

5.  Performance  of  Multistage  Rocket  Propulsion 

Systems .  13 

6.  Atlantic  Research  Co.  Fast  Burning  Rocket 

Motor  (Ref.  16) .  15 


v 


AEDC-TR-68-240 


■* 


Figure  Page 


7.  Optimization  of  Rocket -Augmented  Gun 

Performance .  20 

8.  Performance  of  Rocket -Augmented  Guns 

a.  I  =  200  sec .  21 

b.  I  =  250  sec .  22 

c.  I  =  300  sec .  23 

9.  Performance  of  Rocket -Augmented  Guns .  24 


TABLES 


I.  Minimum  Values  of  Motor  Propellant  Fraction,  Am 

I  =  200  sec) . . .  14 

II.  Design  Characteristics  of  Selected  Multistage  Rocket 
Propulsion  Systems  with  I  =  200  sec,  =  1  lb, 
and  7  =  0. 06  lb/ in.  3 .  17 

III.  Performance  of  Multistage  Rocket  Propulsion 
Systems  in  the  25-  to  35-kft/sec  Regime  with 
XQ  =  10  kft,  r  =  100  in.  /sec,  I  =  200  sec, 

and  7  =  0.  06  lb/in.  3 .  17 

IV.  Five-Stage  Rocket  System  for  Wl  =  1  lb  at  35  kft/sec 
with  A  =  0.  85,  r  =  100  in.  /  sec,  X0  =  10  kft,  a"  =  3310  g, 

ti  =  0.  12  sec,  I  =  200  sec,  and  7  =  0.  06  lb/ in.  3 .  18 

V.  Single-Stage  Rocket  Performance .  26 


NOMENCLATURE 

Note:  See  Appendix;  equation  numbers  refer  to  Appendix. 

A  Rocket  motor  cross-sectional  area 

A*  Rocket  nozzle  throat  cross-sectional  area 

a  Acceleration  (in  g-units) 

a'  Minimum  acceleration 

a"  Maxim  vim  acceleration 

C  =  F/  (gI2W),  Eq.  (1-18) 


vi 


AEDC.TR-68.240 


CF 

D 

F 

g 

I 

i 

N 

Pc 

Qi 

Qo 

R 

Ro 

r 

t 

V 

V0 

Vs 

v 

vo 

w 

we 

WL 

w 

p 

Wp 

X 

x0 

a 

7 

A 


Thrust  coefficient,  Eq.  (1-27) 

Rocket  motor  diameter 
Thrust 

Gravity  acceleration 

Specific  impulse 

Stage  number  (i  =  1,  2, .  . .  N) 

Number  of  propulsive  stages 
Rocket  chamber  pressure 
See  Eq.  (1-18) 

See  Eq.  (1-19) 

Rocket  weight  (or  mass)  ratio,  =  Wj/(Wi  -  Wp^) 
Effective  mass  ratio,  Eq.  (1-13) 

Equivalent  propellant  burning  velocity 
Time 

Rocket  velocity  (or  final  velocity) 

Final  velocity 
Initial  rocket  velocity 
=  V/(gI) 

Final  velocity,  Eq.  (1-12) 

Rocket  weight 

Empty  rocket  (no  propellant)  weight 
Payload  weight  (=  WN+j) 

Propellant  weight 
Propellant  weight  flow  rate 
Distance 

Total  distance  required  to  reach  final  velocity 
Stage  payload  ratio,  Eq.  (1-8) 

Specific  weight  of  propellant 
Increment 


Vll 


=  A/ A*  =  nozzle  area  expansion  ratio 
Motor  propellant  fraction 

Minimum  permissible  motor  propellant  fraction 
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SECTION  I 
INTRODUCTION 


For  many  years,  considerable  efforts  have  been  underway  to  develop 
aerodynamic  test  facilities  in  which  atmospheric  entry  phenomena  could 
be  adequately  investigated.  The  techniques  under  development  comprise 
wind  tunnels  of  various  types,  aeroballistic  ranges,  and  counterflow 
facilities  {which  combine  wind  tunnel  and  range  techniques).  Using  these 
approaches,  it  is  increasingly  difficult  (see,  e.  g. ,  Refs.  1,  2,  3,  and 
4)  to  attain  desired  performance  with  respect  to  velocity,  ambient  den¬ 
sity,  and  model  size.  Wind  tunnels  operating  in  the  25-  to  35-kft/sec 
range  at  densities  of  major  interest  {altitudes  below  200  kft)  have  yet  to 
be  developed,  whereas  guns  of  significant  size  are  limited  to  about 
25  kft/ sec.  This  situation  results  from  practical  constraints  related  to 
energy  requirements,  energy  losses,  containment  of  high  pressures, 
permissible  model  accelerations,  etc.  In  summary,  it  is  apparent  that 
conventional  techniques  may  be  reaching  a  performance  plateau  short  of 
attaining  the  desirable  goals. 

Free,  atmospheric  flight  with  full-scale  or  subscale  models  is  at 
present  the  only  other  source  of  data.  The  usefulness  of  this  technique, 
however,  is  severely  limited  because  of  excessive  costs  and  difficulties 
of  acquiring  reliable  measurements. 

Bearing  these  circumstances  in  mind,  a  new  type  of  a  large,  ground- 
based  atmospheric  entry  test  facility  is  here  proposed.  It  is,  essentially, 
a  small-scale  (compared  with  full-scale  flight  hardware)  free-flight 
facility  of  the  aeroballistic  range  type  in  which  the  model  is  accelerated 
to  the  desired  speed  by  a  multistage  rocket  booster  (rather  than  with  a 
gun).  The  construction  of  such  a  facility  would  constitute  a  major  under¬ 
taking,  although  it  would  not  necessarily  be  more  expensive  than  such  past 
aerodynamic  facility  projects  as  the  post-war  Unitary  Wind  Tunnel  Pro¬ 
gram.  Just  as  the  Unitary  Wind  Tunnels,  the  proposed  facility  should  be 
conceived  as  a  national  resource,  serving  the  needs  of  the  Government 
and  the  private  sector. 


SECTION  II 

LIMITATIONS  OF  EXISTING  ATMOSPHERIC  ENTRY  TEST  FACILITIES 


As  already  indicated,  the  need  for  development  of  a  new  type  of 
atmospheric  entry  test  facility  stems  from  basic  limitations  of  tech¬ 
niques  thus  far  used:  wind  tunnels,  aeroballistic  ranges,  and  their 
combinations. 
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2.1  WIND  TUNNELS 

Wind  tunnels,  in  which  the  test  model  is  stationary  in  the  laboratory 
frame  of  reference,  usually  rely  on  steady,  isentropic  expansion  of  the 
working  fluid  to  the  desired  ambient  conditions.  Although  in  this  man¬ 
ner  they  can  provide  aerodynamic  duplication  in  terms  of  such  (ideal 
gas)  similarity  parameters  as  Mach  and  Reynolds  numbers,  they  are 
unable  to  reproduce  at  the  same  time  the  velocity  and  the  ambient 
density  and  temperature  (pressure).  The  latter  requirements,  which 
amount  to  duplication  (rather  than  aerodynamic  simulation)  of  the 
environment,  arise  at  velocities  at  which  significant  thermochemical- 
kinetic  (TCK)  effects  (such  as  dissociation,  ionization,  nonequilibrium) 
appear  in  the  model  flow  field,  and  phenomena  related  to  thermal  prop¬ 
erties  of  model  materials  (such  as  ablation)  are  present. 

Limitations  of  steady,  isentropic  flow  expansion-type  wind  tunnels 
are  given  in  Fig.  1.  This  is  a  Mollier  chart  for  air  (Ref.  5),  on  which 
atmospheric  conditions  at  altitudes  from  150  to  350  kft  (entropy  s/R 
range  from  30  to  39)  are  indicated.  At  the  top  of  the  chart,  10,000- 
and  5000 -atm  isobars  are  shown  as  corresponding  to  limiting  stagnation 
pressures  which  may  be  in  practice  contained  in  the  reservoir  region 
of  a  wind  tunnel.  A  velocityl  scale,  included  with  the  enthalpy  H/R 
(°K)  ordinate,  indicates  that  the  speeds  attainable  through  isentropic 
expansion  to  ambient  atmospheric  conditions  are  limited  to  values 
between  16  kft/sec  at  150  kft  and  20  kft/sec  at  250  kft.  Moreover, 
comparison  of  the  two  reservoir  isobars  shows  that  a  large  increase 
in  pressure  results  in  only  small  augmentation  of  velocity. 

It  is  thus  evident  that,  based  on  pressure  or  structural  limitations 
alone,  velocities  attainable  by  steady,  isentropic  expansion  to  ambient 
conditions  below  200 -kft  altitude  are  smaller  than  about  18  kft/sec  and 
fall  short  of  the  atmospheric  entry  speeds  of  major  interest,  which 
span  the  range  from  about  23  kft/ sec  (ballistic  missiles)  to  36  kft/sec 
(lunar  mission  entry). 


1  Assumed  equivalent  to  total  enthalpy  (i.  e.  ,  neglecting  static 
enthalpy  after  expansion  to  free -stream  conditions). 
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Altitude  (Chemical  Freezing 
and  Vibrational  Equilibrium) 


Fig.  1  Mol  Her  Diagram  for  Air  Showing  Reservoir  Condition*  in  Relation  to  Flow  Velocity, 
Duplicotion  of  Atmospheric  Condition*,  and  Amount  of  Frozen  Atomic  Oxygen 
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An  additional  limitation  of  the  steady,  isentropic  expansion  tech¬ 
nique,  caused  by  the  relaxation  processes  in  the  nozzle,  is  also, 
indicated  in  Fig.  1.  Because  of  the  finite  relaxation  rates,  equilib¬ 
rium  air  composition  is  not  maintained  in  the  course  of  expansion,  and 
composition  of  the  test  section  flow  differs  from  equilibrium  air  com¬ 
position.  It  has  been  shown^  that,  as  the  expansion  reaches  the  "sudden 
freezing  zone"  (Fig.  1),  the  flow  composition  becomes  virtually  "frozen," 
the  actual  composition  being  a  function  of  the  entropy  only  (to  a  good 
approximation).  Since  altitude  conditions  are  also  uniquely  defined  by 
entropy,  there  is  a  direct  relationship  between  the  flow  composition  and 
altitude  attainable  by  isentropic  expansion  (as  originally  pointed  out  in 
Ref.  1).  In  the  thermodynamic  range  of  interest,  the  atomic  (dissociated) 
oxygen  is  the  most  important  species.  In  Fig.  1,  the  percent  fraction 
(o-fo)  of  atomic  (frozen)  to  total  oxygen  is  indicated  for  the  case  of  a  large- 
scale  facility.  ^  It  is  evident  that  at  velocities  above  20  kft/sec,  ctfQ  >10 
percent,  and  the  test  section  flow  composition  differs  substantially  from 
that  of  the  atmosphere;  the  correspondence  between  the  test  section  con¬ 
ditions  and  the  free -flight  conditions  becomes  ambiguous.  In  Fig.  1, 
the  bottom  scale  gives  the  altitude  based  upon  matching  of  the  free- 
stream  density  and  frozen  velocity  of  sound  in  the  test  section  with  the 
atmospheric  values  (as  suggested  and  estimated  in  Ref.  7);  this  results 
in  a  slightly  lower  altitude  at  a  given  entropy  but  does  not  significantly 
change  the  duplication  capability  of  steady,  isentropic  expansion.  4 


^See  Ref.  6  for  a  comprehensive  review  of  nonequilibrium1  effects 
in  hypersonic  nozzle  flows. 

3 Corresponding  to  a  scaling  factor  j£  =  10  cm,  with  JL  =  r*/tan  0/2, 
0/2  =  conical  nozzle  half-angle.  A/ A*  =  1  +  (X/U)2,  A*,  r*  =  nozzle 
throat  area  and  radius,  X  =  distance  from  nozzle  throat.  For  JL  =  10  cm 
and  M  -  20,  the  test  section  core  diameter  would  be  on  the  order  of  10  ft. 

4  Performance  superior  to  that  attainable  with  steady,  isentropic 
expansion  is  possible  under  more  restrictive  conditions  of  simulation 
or,  theoretically,  by  other  gas -dynamic  means.  For  example,  if  Mach 
number  duplication  were  dropped,  as  may  be  appropriate  for  blunt 
bodies,  and  only  stagnation  conditions  duplicated,  simple  shock  tubes 
(Refs.  8  and  9)  offer  duplication  at  velocities  up  to  60  kft/sec  and  at 
altitudes  below  200  kft  (e.g. ,  40  kft/sec  at  100  kft).  Theoretically 
(Refs.  10,  11,  and  12),  unsteady  compression  and/or  expansion  offer 
performance  much  superior  to  that  obtainable  with  the  steady,  isen¬ 
tropic  process;  however,  because  of  practical  difficulties,  thus  far  it 
has  not  been  possible  to  utilize  for  aerodynamic  testing  the  gas  pro¬ 
cessed  by  an  unsteady  wave  region  (Ref.  13). 


4 


AEDC-TR. 68-240 


The  performance  attainable  with  steady,  isentropic  expansion  can 
be  augmented  by  electromagnetic  acceleration.  Optimization  studies 
of  a  crossed-field  (Faraday) -type  accelerator  have  been  published  by 
Norman  and  Chmielewski  (Ref.  7),  and  the  results,  in  the  velocity- 
altitude  plane,  are  shown  in  Fig.  2,  for  a  supply  reservoir  pressure 
of  5000  atm,  and  for  various  values  of  the  parameter  B ^L,  where  B 
is  the  applied  magnetic  field  and  L  is  the  accelerator  length.  The 
accelerator  is  located  in  the  initial,  supersonic  portion  of  a  hyper¬ 
sonic  nozzle,  supplied  from,  e.  g. ,  a  high-performance  shock  tunnel. 
The  optimization  involves  minimization  of  the  final  entropy  for  a  given 
test  section  velocity  (equivalent  to  maximization  of  velocity  for  a  given 
entropy  or  altitude). 

Since  for  efficient  operation  of  the  accelerator  (i.  e. ,  for  a  small 
entropy  rise)  a  sufficiently  large  electrical  conductivity  is  required, 
seeding  of  air  with  an  easily  ionized  material  is  necessary.  A  seeding 
fraction  of  1/4  percent  by  mass  has  been  assumed;  although  a  larger 
value  would  slightly  improve  accelerator  performance,  the  resulting 
contamination  would  make  the  interpretation  of  some  results  more 
difficult. 


0  10  20  30  40  50 

Velocity,  kft/sec 

Fig.  2  Performance  of  MHD-Augmented  Wind  Tunnels  (Ref.  7) 
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As  regards  values  of  the  B^L  parameter,  the  higher  ones  (500  and 
2000  weber2/m3)  may  be  difficult  to  attain  in  practice:  they  would  corre¬ 
spond,  for  example,  to  an  accelerator  length  of  5  m  and  magnetic  fields 
of  10  and  20  weber/m^,  respectively,  with  the  electric  fields  of  100  kv/m 
and  200  kv/ m. 

The  nozzle  expansion  nonequilibrium  phenomena  would  not  be  alle¬ 
viated  by  the  accelerator;  as  before,  freezing  of  chemical  composition 
would  occur  in  the  nozzle  expansion  downstream  of  the  accelerator,  the 
frozen  atomic  oxygen  fraction  being  again  uniquely  related  to  the  alti¬ 
tude.  The  values  of  aj0  are  indicated  on  the  altitude  scale  in  Fig.  2; 
the  limit  duplication  lines  are  drawn  for  matching  of  density  and  velocity 
of  sound,  for  chemically  frozen  and  vibrationally  equilibrated  expansion. 

Figure  2  shows  that,  even  for  the  larger  values  of  the  parameter 
B2lj  velocities  in  excess  of  20  kft/  sec  are  unattainable  at  altitudes  • 
below  150  kft.  For  the  more  realistic  value  of  100  weber^/m^,  duplica¬ 
tion  in  this  speed  range  is  possibly  only  above  200-kft  altitude. 

The  second  limitation  of  wind -tunnel -type  facilities,  although  less 
basic  but  nevertheless  in  practice  important,  relates  to  the  test  section 
energy  flux  under  conditions  of  interest.  Figure  3  describes  the  situa¬ 
tion:  duplication  of  ICBM  and  lunar  flight  (Apollo)  atmospheric  entry 
requires  energy  fluxes  from  10,  000  to  100  megawatts  per  square  meter 
(3.  7 -ft  diameter)  of  test  section,  the  larger  value  exceeding  one  percent 
of  the  world's  electrical  generating  capacity.  Since  large  losses  accom¬ 
pany  acceleration  of  the  fluid  to  the  desired  velocity  and  recovery  of  the 
kinetic  energy  is  not  possible,  the  actual  power  requirements  exceed 
by  a  large  factor  the  ideal  values.  Thus,  on  account  of  the  energy 
requirements  alone,  only  short  run  times,  on  the  order  of  a  millisecond 
or  less,  in  relatively  small  test  sections  could  be  obtained  with  the 
required,  extremely  high  power  levels  being  realized  with  some  form 
of  energy  storage,  e.  g. ,  capacitors  or  high  explosives. 

Summing  up  the  limitations  of  the  wind  tunnel  technique,  it  is 
apparent  that  the  theoretically  attainable  performance  is  limited  to  alti¬ 
tudes  in  excess  of  from  150  to  200  kft  and  that,  because  of  extremely 
high  energy  requirements  and  attendant  costs,  test  section  size  and  flow 
duration  are  in  practice  restricted  to  modest  values.  ® 


^Other  factors,  such  as  viscous  effects  and  radiative  losses,  also 
limit  flow  duration. 
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2.2  AEROBALLISTIC  RANGES 

The  other  basic  test  technique,  which  constitutes  essentially  the 
miniaturization  of  free,  atmospheric  flight,  is  the  aeroballistic  range. 
As  regards  atmospheric  entry  testing,  its  main  advantages  are  two¬ 
fold:  (1)  production  of  relative  velocity  is  decoupled  from  provision 
of  ambient  conditions,  which  can  be  therefore  easily  controlled  (usually 
by  pressure  level  in  the  range  tank)  and  (2)  high  velocities  can  be 
attained  with  small  models  launched  from  two-stage,  light-gas  guns. 
Compared  to  a  wind  tunnel,  the  main  disadvantage  of  the  range  tech¬ 
nique  is  the  difficulty  of  making  many  types  of  model  measurements; 
on  the  other  hand,  the  technique  is  particularly  well  suited  to  observa¬ 
tion  of  some  phenomena,  such  as  wakes. 

At  present,  the  limitations  of  the  aeroballistic  range  technique  rest 
with  the  gun;  they  have  been  discussed  in  detail  in  Ref.  2  in  terms  of 
both  theoretical  and  actual  performance. 

The  maximum  launch  velocity  available  with  current  two- stage, 
light -gas  guns  is  shown  in  Fig.  4a  (see  also  Ref.  2)  in  terms  of  the 
total  launched  weight;  the  calibers  of  the  "record  guns"  are  indicated. 
Also  included  are  two  points  for  a  16 -in.  ,  high  performance,  single- 
stage  powder  gun  (Ref.  17).  In  Fig.  4b  the  corresponding  gun  caliber- 
maximum  velocity  correlation  is  shown.  At  velocities  larger  than 
25  kft/sec,  the  launched  weight  (of  which  the  model  constitutes  only  a 
fraction)  is  smaller  than  100  gm;  moreover,  it  decreases  tenfold  for 
every  4400-ft/sec  velocity  increase.  The  velocity  of  35  kft/sec  can 
be  attained  only  with  projectiles  weighing  less  than  about  0.  2  gm. 

Although,  ideally,  scaling  of  a  gun  to  any  caliber  (and  to  any 
launched  weight)  is  straightforward.  Fig.  4  clearly  shows  that  this 
is  not  borne  out  by  practice.  The  failure  is  due  to  difficulties  of  con¬ 
taining  very  high  pressures  in  large -diameter  gun  components.  On 
the  theoretical  side.  Ref.  2  indicates  that,  even  for  very  small  models, 
light-gas  guns  of  conventional  design  do  not  offer  much  potential  above 
the  3 5 -kft/sec  velocity  level. 

One  other  limitation  of  the  gun  launching  is  the  high  base  pressure 
(or  acceleration)  load  to  which  it  subjects  models.  With  current  guns, 
base  pressures  in  excess  of  50  kpsi  are  experienced  at  velocities  above 
20  kft / sec.  The  resulting  stresses  allow  only  simple  model  shapes  to 
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be  launched,  and  thus  far,  prohibit  inclusion  of  on-board  telemetry  for 
transmission  of  measurements  from  models  in  flight.  6 


a.  Velocity  versus  Weight 
Fig.  4  Maximum  Launch  Velocities 


^Telemetry  with  gun-launched  models  has  been  successfully  achieved 
at  lower  velocities  (Ref.  14).  Further  progress  may  be  expected  from 
application  of  modern  microminiaturization-integrated  circuit  techniques; 
however,  difficulties  might  still  be  present  due  to  acceleration  loading  of 
sensors. 
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b.  Velocity  versos  Goo  Caliber 
Fig.  4  Concluded 

Thus,  current  limitations  of  the  aeroballistic  range  technique  con¬ 
cern  the  size  of  models  that  can  be  launched  at  atmospheric  entry  speeds 
and  the  base  pressure  loading  which  they  have  to  experience  in  the  pro¬ 
cess.  Scaling  up  of  the  launcher  caliber  by  a  large  factor  would  remove 
the  former  limitation*7  but,  because  of  structural  difficulties,  appears 
impractical. 

2.3  COUNTERFLOW  FACILITIES 

Speeds  higher  than  available  with  either  of  the  two  techniques  dis¬ 
cussed  above  can  be  achieved  in  counterflow-type  facilities,  in  which 
models  are  gunlaunched  counter  current  to  tunnel  test  section  flow 
(Ref.  15).  However,  except  for  velocity  performance,  not  only  the 


17  For  a  given  launch  cycle,  model  weight  varies  as  the  cube  of  the 
gun  caliber  while  the  base  pressure  remains  constant,  the  time  scale 
being  proportional  to  the  caliber  (Ref.  2). 
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limitations  of  the  two  constituent  techniques  are  present,  but  also  the 
time  (or  distance)  of  test  is  curtailed  (as  compared  with  aeroballistic 
ranges)  because  of  the  inability  of  maintaining  acceptable  quality,  high 
velocity  flow  over  long  distances  and  long  times. 


SECTION  III 

GENERAL  DESCRIPTION  OF  THE  PROPOSED  FACILITY 


As  mentioned  in  Section  I,  the  proposed  facility  is  essentially  an 
aeroballistic  range  in  which  rocket  propulsion  is  used  to  accelerate  the 
model  to  the  desired  velocity. 

The  envisaged  launch  system  consists  of  a  multistage  rocket  vehicle 
(booster  in  aerospace  terminology)  travelling  inside  a  straight,  cylin¬ 
drical  tube  (or  a  series  of  tubes  of  decreasing  number  or  diameter) 
evacuated  to  a  low  pressure.  The  purpose  of  this  confinement  of  the 
booster  is  twofold:  it  provides  guidance  and  eliminates  aerodynamic 
drag.  These,  in  fact,  are  the  essential  factors  which  distinguish  the 
proposed  system  from  the  free -flight  testing  in  the  atmosphere  using 
conventional  rocket  propulsion.  The  absence  of  atmospheric  resistance 
is  necessary  to  reduce  the  distances  required  and  to  eliminate  aerody¬ 
namic  heating,  and  the  built-in  guidance  simplifies  the  booster  stages 
which  are  expendable.  On  attainment  of  the  desired  velocity,  the  model 
or  payload  is  permitted  to  proceed  into  the  test  range,  and  the  booster 
stages  are  decelerated  and,  most  likely,  destroyed,  each  on  completion 
of  its  propulsive  run.  The  test  range  consists  of  a  suitably  sized  vacuum 
tank  that  is  instrumented  for  aerophysical,  stability,  drag,  erosion, 
and  impact  studies  and  equipped  to  provide  an  atmosphere  of  desired 
pressure  and  composition  (as  required  for  atmospheric  entry  simulation). 
Within  the  test  tank,  the  model  is  allowed  to  fly  freely,  or  its  mechanical 
guidance  can  be  continued  with  small  aerodynamic  interference  by,  e.g. , 
three  slender  rails  supported  radially  along  the  length  of  the  test  tank. 
The  latter,  "captive"  mode  of  operation  may  be  particularly  suitable  for 
nose  heating,  erosion,  and  impact  testing. 

In  the  evaluation  of  performance  attainable  with  multistage  rocket 
systems,  we  shall  focus  our  attention  on  the  25-  to  35-kft/sec  velocity 
range.  Although  for  some  interplanetary  missions  much  higher  entry 
speeds  into  the  earth's  atmosphere  must  be  envisaged,  these  are  the 
velocities  of  main  interest  at  the  current  stage  of  space  flight  develop¬ 
ment.  They  are,  specifically,  suborbital  and  orbital  velocities  appli¬ 
cable  to  the  delivery  of  ballistic  and  orbital  payloads,  i.  e. ,  from  about 
23  to  26  kft/sec,  and  escape  velocity  from  the  earth  or  re-entry  velocity 
from  a  lunar  mission,  of  about  36  kft/sec.  It  is  reasonable  to  expect 
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that  over  the  next  decade  atmospheric  entry  velocities  in  these  two 
regions  will  account  for  the  large  majority  of  space  flights. 

As  regards  altitude  simulation,  this  presents  no  difficulties  in  the 
facility  here  proposed,  the  atmospheric  conditions  being  obtained  by 
control  of  pressure  inside  the  range  tank.  If  more  sophistication  were 
desired,  the  composition  as  well  as  temperature  and  pressure  of  the 
tank  atmosphere  could  be  controlled. 


SECTION  IV 

PERFORMANCE  OF  MULTISTAGE  ROCKET  PROPULSION  SYSTEMS 


4.1  PURE  ROCKET  PROPULSION 

Multistage  rocket  performance  is  basically  given  by  Eq.  (1-19),  see 
the  Appendix,  in  terms  of  parameter  Q0,  and  other  related  quantities. 
Qo  can  be  expressed  as 

0  =  ny  1  ^  x° 

“  4  g  iwL  aN 

and  therefore,  for  a  given  number  of  stages  N,  final  velocity  V0,  motor 
propellant  fraction  A,  and  propellant  properties  I  and  y,  we  have 

Q0“  r  D,2  Xo/WL 

•  where 


r  =  equivalent  propellant  burning  velocity 

D,  =  diameter  of  first  stage  rocket  motor 

X0  =  total  distance  required  to  reach  final  velocity  V 0 
(=total  launcher  length) 

=  payload  weight 

The  variation  of  the  lumped  parameter  r  D Xd/Wl  in  terms  of  A 
for  the  specified  values  of  VG  and  N  is  given  in  Fig.  5.  Values  of 
I  =  200  sec  and  y  =  0.  06  lb/ in.  3  have  been  taken  for  the  specific  impulse 
and  the  specific  propellant  weight.  From  the  curves  in  Fig.  5  the  per¬ 
formance  available  for  a  given  value  of  the  lumped  parameter  and  the 
tradeoffs  possible  can  be  quickly  determined.  The  powerful  effect  of 
the  motor  propellant  fraction.  A,  particularly  when  smaller  numbers  of 
stages  are  used,  is  evident. 
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As  shown  in  the  Appendix  (Eq.  (1-9)),  there  is  a  minimum  permis¬ 
sible  motor  propellant  fraction,  Am,  for  which  the  payload  vanishes. 
For  the  conditions  assumed  (I  =  200  sec),  the  minimum  possible  values 
of  A  are  given  in  Table  I.  It  is  immediately  apparent  that,  for  the 
velocities  of  interest  and  for  realistic  motor  propellant  fraction  values 
(<  0.  9),  multistaging  is  necessary. 

TABLE  I 

MINIMUM  VALUES  OF  MOTOR  PROPELLANT  FRACTION,  Am  (I  =  200  sec) 


V0,  kft/sec 

N 

1 

2 

3 

4 

5 

10 

0.79 

0. 54 

0.40 

0.32 

0. 27 

15 

0.90 

“j  0. 69 

0.54 

0.44 

0.37 

20 

0.95 

1  0.79 

I 

0.65 

0.54 

0.46 

25 

0.98 

6.86 

|  0.73 

0.62 

0.54 

30 

0.99 

0.90 

|  0.79 

0.69 

0.61 

35 

>0.99 

0.93 

'  0.84 

i _ 

0.74 

0.66 

40 

>0.99 

0.96 

0.87 

0.79 

0.71 

- A m  -  0.85  boundary 


In  order  to  interpret  the  results  shown  in  Fig.  5,  meaningful  assump¬ 
tions  must  be  made  concerning  rocket  characteristics:  the  motor  propel¬ 
lant  fraction.  A,  the  equivalent  burning  velocity,  r,  the  specific  impulse, 

I,  and  the  specific  propellant  weight,  y. 

It  is  not  our  purpose  here  to  examine  the  current  and  probable  future 
limitations  on  the  magnitude  of  A  and  r,  limitations  that  can  be  determined 
only  after  detailed  design  studies  of  the  proposed  system.  However,  some 
indication  of  what  might  be  possible  can  be  gained  from  information  at 
hand. 

Light,  fast  burning  rocket  motors  have  been  developed  for  propul¬ 
sion  of  rocket  sleds.  Characteristics  of  one  such  motor,  developed  in  1966 
by  the  Atlantic  Research  Corporation  under  contract  to  Sandia  Corporation 
(Ref.  16),  are  as  follows:  propellant  fraction  A  =  0.  715,  average  specific 
impulse  I  =  237  sec,  nozzle  expansion  ratio  e  =  3,  equivalent  propellant 
burning  velocity  (based  on  outside  nozzle  diameter  of  5.  5  in. ;  maximum 
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motor  case  diameter  =  5.  2  in. )  r  =  51  in.  /sec,  action  time  1.08  sec, 
average  pressure  pc  =  1920  psi,  average  thrust  coefficient  Cp  =  1.  29, 
max  acceleration  load  sustained  in  test  =  315  g. 

With  this  motor,  shown  in  Fig.  6,  high  specific  impulse  and  equiva¬ 
lent  burning  velocity  have  been  achieved,  as  well  as  high  acceleration 
loadings.  As  regards  propellant  fraction,  it  has  been  suggested  (Ref.  16) 
that  it  could  be  increased  by  the  use  of  higher  strength/ density  ratio  case 
materials,  such  as  mar  aging  steel  instead  of  aluminum. 

Other  multi-stage  designs  of  high  performance  rocket  motors  (solid 
and  liquid)  are  mentioned  in  Ref.  17;  a  motor  propellant  fraction  from 
0.  8  to  0.  85  was  estimated  for  these  designs. 

In  view  of  the  above  considerations,  a  value  of  0.  85  could  be  taken 
as  a  realistic  goal  for  the  motor  propellant  fraction  A,  and  values  of  r 
of  perhaps  50  in.  /  sec  and  higher  could  be  envisaged. 


Fig.  6  Atlantic  Research  Corporation  Fast  Burning  Rocket  Motor  (Ref.  16) 


As  stated,  a  rather  modest  value  of  200  sec  has  been  taken  for  the 
specific  impulse,  with  a  typical  solid -propellant  specific  weight  of 
0.06  lb/ in.  3.  It  was  considered  prudent  to  assume  a  low  specific  im¬ 
pulse  in  view  of  the  small  nozzle  expansion  ratio  which  is  likely  to  be 
used  in  order  to  maximize  thrust  (see  Eq.  (1-27))  and  thus  minimize 
the  total  required  launcher  length,  Xc.  As  regards  stresses  to  which 
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the  payload  is  subjected  during  acceleration,  they  are  given  in  terms  of 
thrust  pressure  by  (see  Appendix,  Eqs.  (1-1)  and  (1-21))  F/A  =  ryl  and, 
for  the  above -indicated  values  of  r,  y,  and  I,  would  not  exceed  1200  psi, 
i.  e. ,  would  be  an  order  of  magnitude  smaller  than  base  pressures 
encountered  in  high  velocity  guns. 

In  order  to  get  some  indication  of  the  ranges  of  parameters  involved, 
several  specific  cases  are  listed  in  Table  II  for  a  1-lb  payload.  The 
interplay  of  parameters  r,  Xo,  and  Di  for  a  given  velocity  V0  and  num¬ 
ber  of  stages  N  is  apparent.  The  powerful  influence  of  A  in  the  40-kft/sec 
case  is  demonstrated. 

In  Table  III  the  choice  is  narrowed  to  three  specific  cases,  all  for 
XQ  =  10  kft  and  r  =  100  in.  /sec  (or  X0  =  20  kft  and  r  =  50  in.  /sec.  With 
the  first  stage  launch  tube  smaller  than  4  ft  in  diameter,  payloads  from 
10  to  1  lb  can  be. launched  at  velocities  of  25  to  35  kft/sec,  respectively. 

We  shall  focus  our  attention  on  the  system  giving  the  higher  of  the 
two  velocities  of  particular  interest,  i.  e.  ,  35  kft/sec;  more  detailed 
data  for  such  a  system  are  collected  in  Table  IV.  The  total  length  of 
the  system,  for  r  =  100  in.  /  sec,  is  10  kft;  the  same  performance  would 
be  obtained  with  a  20-kft  system  and  r  =  50  in.  / sec,  a  more  realistic 
value.  The  maximum  accelerations  experienced  would  be  3310  and 
1655  g,  respectively.  The  first  stage  launch  tube  consists  of  a  4-ft- 
diam,  340-ft-long  tube  (for  r  =  100  in. /sec),  the  second  and  higher 
stage  launch  tubes  being  progressively  smaller  in  diameter  and  longer; 
the  total  tube  volume  is  only  about  9000  ft3. 

It  is  of  interest  to  examine  the  performance  attained  with  three  and 
four  stages  only:  W^  =  20.  6  lb  at  21  kft/ sec  and  Wj^  =  4.  54  lb  at  28  kft/ 
sec.  These  are  very  worthwhile  launch  capabilities  at  sub-escape 
velocities. 


4.2  GUN-AUGMENTED  ROCKET  PROPULSION 

The  obvious  complication  in  the  proposed  rocket  propulsion  sys¬ 
tem  is  the  mechanics  of  staging.  It  is  therefore  of  interest  to  . estimate 
performance  attainable  with  a  gun  used  as  the  first  stage  of  propulsion 
and  to  determine  the  extent  of  rocket  propulsion  system  required  in 
conjunction  with  the  gun.  The  tradeoff  could  involve  elimination  of 
staging  or  reduction  in  the  number  of  stages,  at  the  penalty  of  high 
acceleration  loading  during  the  gun  launch. 
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TABLE  II 

DESIGN  CHARACTERISTICS  OF  SELECTED  MULTISTAGE  ROCKET  PROPULSION 
SYSTEMS  WITH  I  =  200  SEC,  W,_  =  1  LB,  AND  y  =  0.06  LB/IN.3 


V0' 

k/t/sec 

N 

Wj,  lb 

r, 

in. /sec 

x0. 

left 

Dj,  in. 

A  ■  0. 85 

20 

2 

190 

20 

5 

23.6 

2 

190 

10 

5 

33.4 

3 

71 

10 

5 

23.5 

3 

71 

10 

1 

52.5 

3 

71 

20 

1 

37.2 

3 

71 

50 

1 

23.5 

25 

3 

321 

10 

5 

58.8 

3 

321 

20 

5 

41.6 

3 

321 

50 

2.5 

41.6 

3 

321 

100 

2.5 

29.4 

3 

321 

100 

1 

41.6 

4 

190 

20 

5 

34.7 

4 

190 

100 

1 

34.7 

30 

4 

757 

10 

5 

112.5 

4 

757 

20 

5 

79.6 

4 

757 

50 

5 

50.3 

4 

757 

100 

2.5 

50.3 

5 

514 

10 

5 

98.2 

5 

514 

20 

5 

69.4 

5 

514 

50 

5 

43.8 

5 

514 

100 

2.5 

43.8 

5 

514 

50 

10 

31 

35 

5 

1928 

20 

10 

107.1 

5 

1928 

50 

10 

67.6 

5 

1928 

100 

5 

67.6 

5 

1928 

100 

10 

47.8 

5 

1928 

50 

20 

47.8 

40 

5 

8632 

20 

20 

177 

5 

8632 

50 

20 

111.7 

5 

8632 

100 

20 

79 

A -0.9 

40 

5 

2466 

20 

20 

94.6 

5 

2466 

100 

20 

42.3 

TABLE  III 

PERFORMANCE  OF  MULTISTAGE  ROCKET  PROPULSION  SYSTEMS 
IN  THE  25-  TO  35-KFT/SEC  REGIME  WITH  X0  =  10  KFT,  r  =  100  IN./SEC, 
I  =  200  SEC,  AND  y  =  0.06  LB/IN.5 


V0,  kft/sec 

N 

WL,  lb 

D1(  in. 

25 

3 

10 

41.6 

30 

5 

4 

43.8 

35 

5 

1 

47.8 
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TABLE  IV 

FIVE-STAGE  ROCKET  SYSTEM  FOR  W|_  -  1  LB  AT  35  KFT/SEC  WITH  A  -  0.85, 
r  -  100  IN./SEC,  Xa  =  10  KFT,  a"  =  3310  g,  ti  -  0.12  SEC,  I  =  200  SEC,  AND  y  0.06  LB/IN.1 


• 

1 

1 

2 

3 

4 

5 

Total 

Vj ,  kft/sec 

7 

14 

21 

28 

35 

— 

Xj,  ft 

341 

1171 

2000 

2829 

3659 

10,000 

Dj,  in. 

47.8 

22.4 

10.53 

4.95 

2.32 

— 

Launch  Tube  Volume,  ft3 

4250 

3200 

1200 

378 

108 

9, 136 

Wj,  lb 

1928 

425 

93.5 

20.6 

4.54 

— 
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It  shovild  be  noted  in  passing  that  such  systems  of  propulsion  have 
been  proposed  before  mainly  for  the  purpose  of  augmentation  of  gun 
performance. 

Early,  unsuccessful  and  abandoned  efforts  (e.  g.  ,  Refs.  18,  19,  and 
20),  were  concerned  with  the  so-called  travelling  charge  gun,  an  arrange¬ 
ment  in  which  some  propellant  was  carried  on  the  base  of  the  projectile. 
Only  very  small  and  erratic  (hence  useless  for  artillery  applications) 
increases  in  muzzle  velocity  were  observed  using  this  technique.  No 
throat  or  nozzle  was  provided  to  accelerate  the  propellant  gases  and  to 
maintain  combustion  pressure,  which  was  progressively  decreasing 
because  of  the  rarefaction  accompanying  the  projectile  acceleration. 
Clearly,  only  a  small  specific  impulse  could  have  been  realized  with  this 
primitive  technique. 

More  recently,  the  use  of  gun-launched  rockets  was  being  con¬ 
sidered  as  a  means  of  increasing  the  range  of  guns  (Ref.  21)  and  for 
atmospheric  sounding,  flight  testing,  and  satellite  launching  (Ref.  17) 
applications.  Except  for  some  aspects  of  the  design  of  rocket  motors, 
these  systems,  inasmuch  as  they  involve  atmospheric  flight,  are  not 
comparable  to  the  system  here  considered. 

In  order  to  determine  optimum  performance  of  gun-rocket  systems, 
the  maximum  gun  performance  as  indicated  by  the  1967  limit  in  Fig.  4a 
was  assumed,  and,  for  a  given  number  of  stages,  specific  impulse,  and 
motor  propellant  fraction,  the  maximum  payload  was  calculated.  Typi¬ 
cal  results  leading  to  such  optimization  are  shown  in  Fig.  7.  For  this 
particular  case  (A  =  0.  85,  I  =  200  sec,  N  =  3,  where  N  equals  the  num¬ 
ber  of  rocket  propulsion  stages),  a  gun  launch  at  about  5  kft/sec  results 
in  maximum  payload  for  a  final  velocity  of  35  kft/sec;  however,  for 
lower  velocities,  maximum  payload  is  attained  at  zero  velocity  gun 
launch,  i.  e. ,  the  result  is  trivial  and  indicates  that  no  advantage  can 
accrue  through  gun  application.  This  situation,  or  one  in  which  payload 
maximum  occurs  at  a  very  low  gun  launch  velocity  (<  5  kft/sec),  is  gen¬ 
erally  found  for  N  >  2.  Therefore,  in  order  to  be  meaningful,  the  results 
shown  in  subsequent  figures  are  in  all  cases  for  a  launch  velocity  not 
smaller  than  5  kft/sec.  Actually,  the  gun-launched  weight  at  5  kft/sec, 
as  given  by  the  limit  line  used  here  (Fig.  4a),  exceeds  by  some  75  per¬ 
cent  the  actual  performance  of  a  75-caliber,  16-in.  gun  (1700  lb. 

Ref.  17),  and  therefore  the  quoted  payload  estimates  are  optimistic 
for  N  >  2  cases. 

The  results  are  given,  for  I  <  200,  250,  and  300  sec,  in  Figs.  8a, 
b,  and  c  and  summarized,  for  N  =  1  and  2,  in  Fig.  9;  in  all  cases 
A  =  0.  85  has  been  assumed. 
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Fig.  7  Optimization  of  Rocket-Augmented  Cun  Performance 
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a.  I  =  200  sec 

Fig.  8  Performance  of  Rocket-Augmented  Guns 
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It  is  immediately  apparent  from  Fig.  9  that,  with  a  single-stage 
rocket,  although  a  very  significant  improvement  over  the  unassisted  gun 
can  be  obtained  for  the  high  specific  impulse  case,  at  35  kft/sec'the 
available  payload  is  small,  on  the  order  of  50  gm.  Two  stages  are 
required,  with  I  =  250  sec,  to  increase  the  payload  to  a  more  significant 
value  of  500  gm. 

Figure  9  indicates  that,  at  least  in  the  higher  end  of  the  velocity 
spectrum  of  interest,  multistaging  is  required  in  conjunction  with  the 
gun,  which  therefore  offers  no  benefits.  The  25-kft/sec  case  might 
be  of  more  interest:  a  single  stage  with  I  =  250  sec  gives  a  payload  of 
2000  gm,  more  than  tenfold  the  weight  which  can  be  now  launched  with 
an  unassisted  gun.  The  optimum  launch  velocity  in  this  case  is  11.  9 
kft/sec,  and  the  corresponding  launch  weight  is  37  kg.  A  two-stage  gun 
of  about  10-in.  caliber  (see  Fig.  4b)  would  be  required;  the  length  of 
the  rocket  run  would  be  about  4700  ft  (assuming  an  equivalent  burning 
velocity  r,  of  50  in.  /  sec).  Assuming  a  barrel  150  calibers  long  (125  ft), 
the  in-gun  package  would  have  to  be  subjected  to  an  equivalent,  constant 
base  pressure  of  about  17.  5  kpsi  or  to  an  actual  peak  pressure^  of  some 
35  kpsi.  The  rocket  propulsion  would  result  in  a  thrust  pressure  of  only 
750  psi.  Thus,  with  the  use  of  the  gun  as  first  stage  propulsion,  the 
rocket  motor  and  payload  would  be  subjected  to  relatively  high  stresses. 


SECTION  V 

PERFORMANCE  AT  LOWER  HYPERSONIC  SPEEDS 


The  proposed  type  of  facility,  in  which  production  of  velocity  is 
decoupled  from  provision  of  ambient  conditions,  need  not  be  restricted 
to  investigation  of  atmospheric  entry  but  could  also  provide  useful  in¬ 
formation  in  other  flight  regimes.  Applications  to  lower  hypersonic 
speeds,  under  conditions  unattainable  with  conventional  aeroballistic 
ranges  (because  of  their  small  size)  or  wind  tunnels  and  rocket  test 
sleds  (because  of  low  velocity)  are  indicated  in  this  section. 

The  lower  hypersonic  regime  (Mach  number  10  to  15)  may  be  of 
interest  in  terms  of  duplication  of  flight  Reynolds  numbers  and  heating 
rates  or  for  air-breathing  propulsion.  In  the  lower  portions  of  the 


8 

Because  of  imperfections  of  the  actual  launch  cycle,  a  peak  pres¬ 
sure  about  double  the  ideal,  minimum  value  would  be  expected  (Ref.  2). 
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ballistic  entry  trajectory  (see  Fig.  3)  or  for  trajectories  of  other  pay- 
loads,  Reynolds  numbers  on  the  order  of  30  million  per  foot  are  devel¬ 
oped  (10  kft/sec  at  30-kft  altitude  or  15  kft/sec  at  40-kft  altitude). 
Comparable  magnitude  of  the  Reynolds  number  may  be  available  only 
in  impulse-type  wind  tunnels,  at  much  smaller  actual  flow  velocities, 
i.  e. ,  with  lower  heating  rates. 

As  regards  air-breathing  propulsion  (hypersonic  ramjets),  because 
of  a  high  degree  of  aerodynamic  coupling  of  engine  components  (intake, 
combustor,  and  exhaust  nozzle),  it  has  been  most  difficult  to  achieve 
realistic  test  conditions  in  conventional  facilities.  These  could  be  pro¬ 
vided  by  the  facility  here  proposed;  moreover  as  already  mentioned, 
the  mechanical  guidance  present  in  the  rocket  acceleration  phase  could 
be  continued,  with  small  aerodynamic  interference,  in  the  hypersonic 
ramjet  test  phase  (e.  g. ,  by  three  slender,  radial  supports  located  along 
the  length  of  the  test  tank). 


TABLE  V 

SINGLE-STAGE  ROCKET  PERFORMANCE 


X,  kft 

5 

10 

24 

48 

24 

48 

r,  in. /sec 

20 

50 

20 

50 

20 

50 

20 

50 

WL,  lb 

65 

16 

260 

650 

130 

325 

520 

1300 

W,  lb 

2275 

3640 

9100 

1820 

4550 

7280 

18,200 

I  n  all  cases:  R  =  4. 73,  A  -  0. 85,  a  *  14,  y  -  0. 06  Ib/in.  ^  Q  =0. 46, 
I  =  200  sec,  V  ■  10  kft/sec  or  I  » 300  sec,  V  ■  15  kft/sec 


From  Table  I  it  is  apparent  that  with  I  =  200  sec  and  A  <  0.  85,  a 
velocity  of  10  kft/ sec  is  attainable  with  single  stage  propulsion.  In 
Table  V  some  typical  single-stage  data  are  given  for  two  equivalent 
conditions:  V  =  10  kft/sec  with  I  =  200  sec  and  V  =  15  kft/sec  with 
I  =  300  sec.  Values  of  A  =  0.  85  and  y  =  0.  06  lb/in.  3  have  been  taken. 
With  a  5-kft-long,  2-ft-diam  launcher,  a  payload  of  65  lb  is  possible 
(taking  a  conservative  equivalent  burning  rate  r  of  20  in.  /sec);  this 
increases  to  260  lb  for  a  4-ft-diam  launcher.  Thus,  in  the  lower 
hypersonic  range,  significant  performance  is  possible  with  a  single 
stage.  Moreover,  aerodynamic  scale  can  be  further  increased  by 
pressurization  of  the  test  tank. 
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Higher  velocity  can  be,  of  course,  attained  at  the  cost  of  multistag¬ 
ing.  For  example,  with  two  stages  (Table  IV,  a  velocity  of  14  kft/sec 
is  reached  with  a  93.  5-lb  payload  in  a  total  propulsive  length  of  only 
1512  ft  (with  I  =  200  sec). 

Again,  it  is  pertinent  to  compare  the  single-stage  rocket  and  gun 
performances.  At  10  kft/sec  the  maximum  gun-launched  weight  for  a 
16 -in.  gun  is  about  220  lb  (see  Fig.  4a),  i.  e.  ,  in  the  order  indicated 
for  single-stage  rocket  propulsion  (260  lb  for  a  48-in.  -diam,  5-kft- 
long  launcher,  I  =  200  sec).  The  major  difference  lies,  as  before,  in 
loads  experienced  during  launching.  For  the  above  260 -lb  payload 
case,  the  rocket  thrust  pressure  is  only  240  psi.  For  a  16-in.  , 
75-caliber-long  gun  (100 -ft  barrel),  a  constant  base  pressure  of  about 
17  kpsi  is  required  to  accelerate  a  2 20 -lb  payload  to  10  kft/sec,  but 
because  of  imperfections  of  the  actual  launch  cycle,  a  peak  pressure 
at  least  twice  as  large  would  be  estimated.  Thus,  although  the  gun 
offers  the  velocity  performance  at  the  10 -kft/sec  level,  it  subjects 
the  payloads  to  base  pressures  high  enough  to  pose  structural  and  in¬ 
strumentation  problems. 


SECTION  VI 
CONCLUSIONS 


Results  presented  here  indicate  that  the  proposed  facility  would  be 
capable  of  testing  much  larger  models  than  is  now  possible  in  the 
velocity  range  of  major  interest:  in  the  examples  considered,  model/ 
sabot  weights  range  from  10  to  1  lb  at  velocities  from  25  to  35  kft/sec, 
respectively. 

In  the  admittedly  highly  idealized  cases  discussed,  facilities  of 
the  proposed  type  appear  rather  modest  in  overall  size  (except  for 
length).  Their  main  attractiveness  lies  in  performance  higher  than 
can  be  now  envisaged  with  other  types  of  ground  simulation  devices, 
and  no  obvious  physical,  as  opposed  to  economic,  limitations  on  future 
performance,  i.  e. ,  high  performance  potential.  Moreover,  through 
decoupling  of  velocity  and  atmosphere  duplication,  such  facilities  offer 
complete  freedom,  of  environmental  simulation.  Although  a  full-scale 
(in  terms  of  flight  hardware)  facility  could  not  be  in  general  considered 
practical,  the  relatively  large  model  scale  offered  by  the  proposed 
facility  would  allow  a  significant  range  of  scaling  experiments  to  be 
performed.  In  view  of  relatively  small  launch  accelerations,  telemetry 
of  model  data  (subject  to  model  flow  field  interference)  would  be  prac¬ 
tical.  Coupled  with  external  range  observations,  the  variety  and  quality 
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of  experimental  data  could  attain  standards  comparable  to  those  of  the 
conventional  wind  tunnel  test  technique. 

As  part  of  this  study,  the  use  of  a  high-speed  gun  as  the  initial 
propulsion  stage  was  investigated.  It  was  found  that,  except  for  the 
lower  velocities  (in  the  25-kft/sec  range),  multistage  rocket  propul¬ 
sion  is  required  in  conjunction  with  the  gun  to  cover  the  velocities 
and  payloads  of  interest.  Thus,  since  the  simplicity  of  single-stage 
rocket  operation  is  lost,  and  the  multistage  rocket  and  launcher  design 
must  be  developed,  it  seems  desirable  to  favor  pure,  multistage  rocket 
systems,  which,  moreover,  are  free  from  high  gun-launch  accelera¬ 
tions. 

The  mechanical  design  of  the  proposed  facility  is  not  considered  in 
this  paper,  the  purpose  being  to  establish  the  fundamental  feasibility 
related  to  propulsive  performance.  The  motion  of  rocket  stages  in  long 
tubes  at  very  high  speeds,  and  the  staging  technique  are  problems  which 
will  undoubtedly  require  much  developmental  work.  Compared  to  the 
rocket  sled  shoe  situation.  Ref.  22,  the  high  speed  motion  of  rocket  stages 
in  evacuated  tubes  is  quite  different  and  probably  less  critical.  The  fact 
that  no  difficulties  have  been  encountered  with  launching  of  cylindrical 
plastic  projectiles  by  light  gas  guns  at  velocities  in  the  25  to  35  kft/sec 
range  is  encouraging  in  this  connection. 
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APPENDIX 

ROCKET  PROPULSION  PERFORMANCE  PARAMETERS 


In  absence  of  gravity  and  drag,  the  motion  of  a  single-stage  rocket 
is  described  by 

V  =  Wpl  =  (W/g)  dV/dt  t1-1) 

where 

F  =  thrust 


ffp  =  propellant  weight  flow  rate 
I  =  specific  impulse 
W  =  total  rocket  weight 


V  =  rocket  velocity 

Assuming  F,  Wp,  and  I  invariant  with  time,  and  since 


Eqs.  (1-1)  and  (1-2)  give 


and 


Wp  =  -dW/dt 


dV  =  -gl  dW/W 
V.  =  gl  In  R, 


(1-2) 


(1-3) 


where  V  =  0  when  W  =  and  velocity  Vj  is  attained  when  W  =  Wj  -  Wpp 
with  Ri  =  W^/(Wj-Wp1)  and  Wpj  =  weight  of  expended  propellant. 

The  corresponding  duration  of  motion  is 


=  -¥-(l  -  l/FU 


-  w  >i 

_ Pi 

F 


(R,  -  l) 


(1-4) 


The  distance  required  to  attain  velocity  Vi  is  obtained  from  Eq.  (1-3) 

and 

dX  =  V  dt  =  gl  in - — —  dt 

v,  _  Wpt 


32 


AE  DC-TR-68-240 


Integrating,  with  V  =  0,  W  =  at  t  =  0  and  V  =  Vj,  W  =  Wi  -  Wp^ 
at  time  tj_. 


or,  using  Eq.  (1-4), 


In  general,  if  V  =  Vs  at  t  =  0,  Eqs.  (1-3)  and  (1-5)  read 


(1-5) 


V,  -  Vg  +  g  I  In  Rj 

and 


(1-6) 


- ^ - -  .  It  (R,  -  1)  +  (Rx  -  1  -  In  RJ 

CW,  -  Wn  )  g  I  gl 

Pi 


(1-7) 


=  Ri  +  l)  for  Ri  >  >  1 

The  above  equations  hold  for  a  single  stage  of  rocket  propulsion. 
Because  the  mass  ratio  R  and  the  specific  impulse  I  attainable  in  prac¬ 
tice  are  limited,  multistage  rocket  propulsion  must  be  resorted  to  in 
order  to  reach  orbital  and  superorbital  velocities. 


The  treatment  of  ideal  performance  of  multistage  rockets  follows 
that  given  by  Geckler.  *  A  multistage  rocket  is  characterized  by: 

i  =  stage  number  (i  =  1,  2,  ...N) 

N  =  total  number  of  stages  of  propulsion 

N  +  1  =  payload  stage  =  L  —  stage 

R.  =  W/(Wj  —  WpJ  =  stage  mass  ratio 

with  =  initial  rocket  weight  (all  stages  higher  than  and  including  i) 


W 


pj  =  weight  of  propellant  used  in  the  i-th  stage  of  propulsion 


A,  = 


w  +  w 

p.  a. 


=  motor  propellant  fraction 


*R.  D.  Geckler,  "Ideal  Performance  of  Multistage  Rockets," 
ARS  Journal,  June  1960,  pp.  531-536. 
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with  We  =  empty  weight  of  the  i-th  stage 


W. 


a.  = 


—  =  stage  payload  ratio 


w . 

wi+i 


It  follows  that 


A. 

a-  =  —7 - 5 - 

1  A.  _  l  +  l/H. 


(1-8) 


It  is  evident  that  stage  payload  vanishes  unless 

A{  >  1  -  1/Rj  =  Am_  (1-9) 

where  Am^  is  the  minimum  permissible  motor  propellant  fraction. 

Function  (1-8)  is  plotted  in  Fig.  1-1  for  several  A  =  constant 
values. 

From  Eq.  (1-3),  the  velocity  increment  Avi  due  to  the  i-th  stage  of 
propulsion  is 

Avj  =  In  Rj  (I- 10) 

where  v  =  V/(gI). 

Using  (1-9),  the  velocity  increment  corresponding  to  the  maximum 
permissible  motor  propellant  fraction  Am^  is  given  by 

Avm.  “  — ln(1  -  Am.)  <I-11) 

1  1 

In  the  ideal,  optimum  case  where  Ri,-  Af,  and  aj  are  each  constants, 
unchanged  from  stage  to  stage,  we  have,  dropping  the  i-subscripts,  for 
N-stage  propulsion  from  zero  velocity  (Vs  =  0), 

(1-12) 
(1-13) 

(1-14) 
(1-15) 


v  =  NAv  =  N  In  R  =  In  R 


where  Ro  =  RN  =  effective  mass  ratio 


a  = 


A  -  l  +  i/fl  ’ 


Am  -  1  -  1/R 


From  definition  of  a,  it  follows  that 

W/WN+1  =  W./W  L  = 

and  K 

«.  -  -  ®l/WL  ‘ 

with  Wl  =  weight  of  payload  stage. 


(1-16) 

(1-17) 
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Noting  that,  according  to  (1-12),  the  velocity  increment  due  to  each 
stage  is  Av  =  v0/N,  the  distance  Xj  required  for  the  i-th  stage  propulsion 
is  given  by 

Qi  =  cixi  =  {CR  -  l)  +  [(•  -  1)  (R  -  l)  -  1]  In  R}  (1-18) 

where 

Cs  =  FjAgrw.) 

and  Fj  is  the  thrust  of  the  i-th  stage  (see  also  Eq.  (1-22)).  Function 
(1-18)  is  plotted  in  Fig.  1-2  for  values  of  i  from  1  to  6. 


The  total  distance  X0  necessary  to  reach  velocity  v0  =  NAv  is 

N 

obtained  from  Eq.  (1-18)  as  X0  =  2  X^. 


Assuming  Cj  =  C  =  constant  for  all  stages, 


Q0  =  CXo  =  -f-  {(R  -  1)  +  [(R  -  1)  (N  -  l)/2  -  1]  In  R)  (1-19) 


and,  from  Eqs.  (1-17)  and  (1-18), 


tR  -  1)  +  [(i  —  n  (R  —  1)  —  l]  In  R 
N  {  (R  -  1)  +[(R  -  1)  (N  -  1) / 2  -  l]  In  R} 


(1-20) 


Function  (1-19)  is  plotted  in  Fig.  1-3  for  values  of  N  from  1  to  6. 


Thus,  the  relative  stage  propulsion  distance  Xj/XQ  is  only  a  function 
of  i,  R,  and  N  (provided  Ci  =  constant). 


From  the  above  analysis  the  thrust  and  distance  required  to  attain 
a  specified  velocity  with  a  payload  Wl,  for  a  given  number  N  of  pro¬ 
pulsive  stages,  characterized  by  a  certain  motor  propellant  fraction  A 
and  with  a  propellant  of  a  specific  impulse  I,  can  be  determined.  The 
practical  problem  concerns,  of  course,  the  design  of  a  rocket  system 
with  which  the  performance,  as  specified  above,  can  be  obtained.  Here, 
we  shall  confine  ourselves  only  to  a  general  consideration  of  the  rocket 
motor  design  parameters. 

The  rate  of  propellant  flow  Wp  can  be  written  as 

Wp  =  rAy  (1-21) 

where 

r  =  equivalent  propellant  burning  velocity 
A  =.  cross-sectional  area  of  rocket  motor 
y  =  specific  weight  of  propellant 
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From  Eqs.  (1-1)  and  (1-21),  the  coefficient  Cj[  (see  Eq.  (1-18)  is 
expressed  as 


C: 


i.  A.  y 

I  1  ' 

t  i  w. 


and  therefore 


r.  A.  y  X. 

-4twt*  = 


(1-22) 


Also,  Ai  =  ffD?/4  with  Dj[  =  rocket  motor  diameter. 


The  acceleration  "a"  (in  g-units)  resulting  from  rocket  propulsion  is 
given  by 

a'j  =  Fj/Wj  (minimum  acceleration,  at  the  beginning 

of  i-th  stage  propulsion)'  (1-23) 


and 


ai'  =  F/fWi-W) 

r  i 


=  8,  F,/W. 


=  Riai 


(maximum  acceleration,  at  termination 
of  i-th  stage  propulsion) 


In  terms  of  design  parameters. 


R.  r.  A.  V  I 
a'.'  =  — !— I — l -L - 

1  WL 


(1-24) 


(1-25) 


With  I  =  constant  and  C  =  constant,-  see  Eq.  (1-18),  accelerations 
a1  and  a"  are  constant  for  all  stages  of  propulsion.  Thus, 

a"  =  RryKA/W);  (1-26) 


Summarizing,  the  calculation  of  an  N- stage  rocket  system,  using  a 
propellant  of  specific  impulse  I,  and  required  to  accelerate  a  given  pay- 
load  WL  to  velocity  VQ  involves  the  following  steps: 

(i)  Stage  mass  ratio  R  is  defined  by  Eq.  (1-12)  in  terms 
Vo  and  N; 

(ii)  For  a  specified  motor  propellant  fraction  A ,  the  stage 
payload  ratio  a  is  given  by  Eq.  (1-14),  and  hence  the 
weight  of  all  stages  is  given  in  terms  of  payload  W^,; 

(Hi)  Parameters  Qi  and  Q0  are  given  in  terms  of  (i,  R,  N), 

Eqs.  (1-18)  and  (1-19).  From  Eq.  (1-22)  it  is  evident 
that  variables  r^,  A^,  W^,  and  (i.  e. ,  Wl)  may  take 
any  values  provided  f  (i,  N,  R)  =  constant.  There¬ 
fore,  Eq.  (1-22)  defines  the  available  design  tradeoffs. 
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Parameters,  A,  r,  and  A  relate  directly  to  rocket  motor  design, 
which  is  not  considered  in  this  report.  Rather,  the  area  A  is  identi¬ 
fied  with  the  rocket  motor  or  stage  cross-sectional  area,  and  r  is 
taken  as  the  equivalent  burning  velocity  (based  on  A  and  not  on  the 
actual  surface  of  propellant  combustion).  Various  designs  of  propel¬ 
lant  grain  are  then  reflected  in  the  (equivalent)  values  of  r,  which 
may  be  several  times  higher  than  the  actual  burning  speed. 

As  regards  combustion  chamber  pressure  and  nozzle  expansion 
ratio,  approximate  values  can  be  obtained  from  the  definition  of 
thrust  coefficient  Cp  given  by 


CF  =  — £—  (1-27) 

F  A*  p 

c 

where  A*  =  nozzle  throat  cross-sectional  area  and  pc  =  chamber  pres¬ 
sure. 


With  A/A*  =  e  and  using  Eq.  (1-21) 

Cp  =  I  y  f  r/pc 


(1-28) 


For  a  given  propellant,  thrust  coefficient  is  mainly  a  function  of 
pc  and  e ,  and  may  take  values  between  1  and  2;  a  value  of  1.  5  may  be 
taken  as  representative  and  expansion  ratio  e  obtained  as  a  function  of 
r  and  pc. 

As  regards  rocket  propulsion  systems  considered  in  this  report, 
it  is  of  interest  to  evaluate  the  practical  maximum  values  for  the 
equivalent  propellant  burning  velocity  r,  as  determined  by  propellant 
properties  rather  than  motor  design.  Typically,  for  Cp  =  1.5, 

I  =  200  sec,  7  =  0.  06  lb/ in.  pc  =  2000  psi  and  assuming  a  minimum 
nozzle  expansion  ratio  e  =  2,  Eq.  (1-28)  gives  rmax  =  125  in.  /sec. 
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R 

Fig.  1-1  Concluded 
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Fig.  1-2  Multistage  Rocket  Design  Parameters  (Q-,  R,  i) 
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Fig.  1-2  Concluded 
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R 

Fig.  1-3  Multistage  Rocket  Design  Parameters  ( Q0,  R,  N) 


43 


AEDC-TR-68-240 


Fig.  1-3  Concluded 


44 


UNCLASSIFIED 

Security  Classification 

DOCUMENT  CONTROL  DATA  -  R  &  D 

_ ( Security  classification  of  title,  body  of  abstract  and  indexing  annotation  must  be  watered  when  the  overall  report  Is  classified) 


3  REPORT  TITLE 

ATMOSPHERIC  ENTRY  TEST  FACILITIES:  LIMITATIONS  OF  CURRENT 
TECHNIQUES  AND  PROPOSAL  FOR  A  NEW  TYPE  FACILITY  , 

4  DESCRIPTIVE  NOTES  (Type  of  report  and  Inc  lust  ve  date*)  " 

1968  -  Final  Report-  -  -  -  -  -  - 

5  au  THOR  IS)  (First  ru/ne,  middle  initial,  last  name)  ■  "*  ~ ~ 

.  ’  '«  - 1  -■  ■  - 

J.  Lukasiewicz.,  Virginia  Polytechnic  Institute,  Consultant,  ARO,  Inc. 


6.  REPORT  DATE 


January  1969 


8«.  CONTRACT  OR  GRA'NT  NO 

F40600-69-C-0001 

b.  PROJEC  T  NO 


'Program  Element  65401F 


7a.  TOTAL  NO.  OF  PACES 

_ 51 

9a.  ORIGINATOR'S  REPORT  NUMBER(S| 


AEDC-TR-68-240 


9b.  OTHER  REPORT  NO(S)  (Any  other  numbers  that  may  be  assigned 
this  report) 

N/A 


7b._NO"_°  F  REFS 

22 


2*.  REPORT  SECURITY  CLASSIFICATION 

UNCLASSIFIED _ 

2b.  GROUP 

N/A 


I  originating  activity  (Corporate  author) 

Arnold  Engineering  Development  Center 
ARO,  Inc.,  Operating  Contractor 
Arnold  Air  Force  Station,  Tennessee 


Security  Classification 


test  facilities 
(X^eroballistic  ranges 
wind  tunnels 


^.atmospheric  entry^simulation 
multistage  rockets 

l  {L-c4 U 

Lj 


/7- 


■I  APS  Ti-im 


